The characterization of streambed topography is crucial to approach problems in fluvial hydraulics, river engineering and geomorphology. In most steep alpine environments measurement apparatus like terrestrial laser scanners or airborne Lidar systems are difficult to successfully apply, because they need free sight, elevated positions and good aerial or road access. In mountain streams this is generally not the case. We describe a novel technology to acquire 3D models of nonsubmerged parts of such streambeds. The core of our range imaging system is a commercial time-of-flight video camera. The camera produces a per-pixel distance measurement using an integrated near-infrared modulated light source and an image sensor that measures the phase-shift between modulated and reflected light at each pixel. If mounted on a lightweight crane vertical above the stream, the camera can observe the streambed topography with a 3D resolution of down to 0.5 cm. However, the distance measurements degrade in accuracy under direct sunlight and when strong illumination contrasts occur. With the collected data detailed digital terrain models can be computed.
INTRODUCTION
Streambed morphology is an important control on stream dynamics, particle motion and bed stability. Its characterization is therefore a key to understand fluvial processes. Numerous approaches were tested to survey streambeds in order to derive and analyse a meaningful physical measure of the streambed roughness [Aberle and Smart, Nikora et al., Bathurst] . Various techniques have been used to characterize fluvial structures in the field, for example physical profilers [Smart et al.] , photogrammetry [Butler et al.] and terrestrial and airborne laser scanning [Lamarre, Cavalli et al., Heritage and Milan] . Terrestrial laser scanning (TLS) is a rapid, precise and costly survey technique feasible to characterize gravel surfaces [Hodge et al.] . Our aim is to develop a versatile and low cost survey methodology in order to obtain information of total roughness in steep fluvial environments. For this purpose we evaluate the feasibility of recently available range imaging (RIM) cameras (Fig. 1 ), which were built to acquire distance images of close range objects and scenes. At first we will estimate their errors under controlled conditions in the laboratory and in the field. We then develop a workflow of how to use such cameras to capture detailed morphology of a whole river reach. Furthermore, the general scope of application, the cameras potential of identifying streambed morphology and its reliability should be carefully discussed. 
RANGE IMAGING

Functionality of range imaging
Stereo triangulation, sheet of light triangulation, structured light projection or interferometry are common methods to measure 3D coordinates. Range imaging cameras combine CMOS/CCD technology ( Fig. 2) and have the advantage to deliver an intensity image and the 3D information of the scene [Lange et al.] . The distance measurement is realized for each individual pixel by the time-of-flight (TOF) principle, working with a modulated infrared light wave [Oggier et al.] . The emitted light is pulsed at the modulation frequency f mod . The sensor samples the reflected light regularly and calculates the phase shift φ of the modulation with an autocorrelation function. The phase delay between the emitted and the detected signal (Fig. 3a) is detected. In this way a complete phase map and finally the distance map can be acquired. In order to achieve that the three unknown parameter of the modulated signal ( Fig. 3b) , the offset B, the amplitude A and the phase φ, have to be determined by sampling the signal at four points and using the following equations. 
Measurement influences
Whilst the camera calibration (internal parameters) can be assumed to be more or less constant, the distance measurement system is highly affected by several parameters. The five most relevant aspects are:
• the angle of incidence,
• internal temperature / self-induced heating,
• external temperature,
• intensity of reflected beam and
• time of integration.
Kahlmann [Kahlmann et al.] and Pannekamp [Pannekamp et al.] described some first experiments about the influence of the angle of incidence on a range imaging system. They set up the range imaging sensor in front of a flat white target in a fixed distance and turned the target in defined angles. They showed that the measured distance increases with an increasing angle of incidence. A second effect was the drift with respect to the time. The drift effect was interpreted as an effect of self-induced heating. Because of the heating of the sensor the distances measured to a fixed target (white wall) varied. This effect should be reduced nowadays by an onboard calibration by the developers. Also external temperature influences have been investigated and quantified during experiments in the climate-testing laboratory of ETH Zurich -IGP. During the experiments it could be shown that the higher the temperature, the longer is the measured distance. A drift of about 8 mm/°C was extracted. It was achieved that the external temperature has to be taken into consideration for the calibration of the sensor.
In a second experiment, the SR3000 was set up in front of a white projection screen with a nearly perpendicular direction of view. The standard deviation improved towards the center of the picture to less than 1 cm. This effect showed not only the impact of the radial increasing angle of incidence, but also the influence by the illumination system and the used optics. It is delicate to separate the different influences.
Similar results have been achieved with the PMDTech CamCube in the geodetic calibration laboratory. The camera was fixed facing an even wooden board, which could be moved on a rail to adjust the measuring distance (Fig. 4 ). An interferometer verified the adjusted distance. The board's surface was painted either black or white to achieve two very different levels of reflectivity. To investigate the representation of an even plane by the distance images, the white board was set up at 3 m distance from the camera. Comparing 250 single measurements, the standard deviation of the distance measurements improved towards the center of the image (Fig. 5) . For the black board, standard deviation against a plane board varies from 4 mm at the image center to 142 mm at the edge pixels (image mean of 27 mm). Whereas the values for the white board range from 2 to 8 mm (image mean of 4 mm). Data towards the edges of the image scattered more and appeared to be further away from the camera. Reasons for this overestimation of distances at the edges might be: vignetting, which is the reduction of the image's brightness or saturation at the periphery compared to the image center, and spherical aberration, which is the increased refraction of light rays near the lens edge 
FIELD EXPERIMENTS
The aim of testing RIM cameras outdoors was to qualitatively evaluate the camera performance under different natural lighting conditions and to investigate the effects of water and wet rock surfaces on the measurements. Therefore the camera was mounted on a crane looking vertically down to the ground (Fig. 6) . In this figure the field of view of the camera is called footprint. Several control points (steel targets) are placed in the footprint and have been measured with a total station in a global coordinate system. The same footprint area was repeatedly measured, with light conditions ranging from direct sunlight exposure at mid day to almost no natural light at night (Fig. 7) . The quality of single distance measurements clearly varied with lighting conditions. Measurements at night revealed the greatest details of the surface, whereas the image became obscured by noise under direct sunlight exposure. Additionally turbulent water scattered the light, which led to large variations in the distance image. Flat water surfaces were penetrated by the modulated light and the sub water surface could be measured approximately. To merge multiple footprints to a single point cloud of the scanned section, the placed control points were used. This allowed the transformation of the local camera coordinates to global coordinates. It is also possible to merge the footprints via a best fit iterative closest point algorithm (ICP) [Besl and McKay] . The merged point cloud can then be used to derive a DTM with standard interpolation techniques.
DISCUSSION
The potential of RIM cameras was carried out during this project in the laboratory and in the field. Surface data was acquired in steep river beds to quantify the main measurement errors. Random errors, due to the sensitivity of the sensor to early and/or multiple reflections of the emitted light, appear to be the dominant errors. The reflectivity of the surveyed surface also has an impact on data precision. The latter problem can be mitigated by adjusting the integration time of the sensor, which also allows getting a strong signal from dark low reflective surfaces. Errors can be reduced by taking the median of repeated distance measurements [Nitsche et al.] .
In comparison to the distance measuring precision of TLS (~2 mm) or photogrammetric methods (2-10 mm) the tested RIM sensor gave a precision of 7 mm for averaged data generated in the laboratory. Due to the fact that RIM cameras operate in a video mode of up to 50 frames per second, a large number of images can be acquired easily and quickly. It took 5 seconds to capture the data used for averaging in this study, and a larger number of pictures would lead to further improved precision. In addition, data quality might be further optimized by more sophisticated data processing algorithms. This potential has to be evaluated in further studies.
CONCLUSION
A new method to acquire 3D coordinates of rough streambed surfaces is presented. RIM provides an alternative method that can be applied also on rough, bouldery surfaces where TLS does not seem to be feasible. RIM cameras are lightweight, inexpensive in comparison to TLS and can produce distance and grayscale images. A post-processing of the distance data to reduce a variety of measurement errors has to be done. Finally, DTMs of stationary and moving surfaces can be derived from the RIM data, which are useful to investigate streambed roughness in steep mountain channels.
